Abstract. Assessment of heat gain in man caused by solar radiation is one of the most important problems in research of the human heat balance outdoors. The purpose of the present study was to investigate a new method for estimation of solar heat income. Absorption of short wave radiation (direct, diffuse and reflected) was measured with an ellipsoid sensor representing a simple, physical model of man. Measurements were performed in climatic chamber with the use of an iodide CSI solar lamp. The absorbed quantity of solar radiation varied as a result of sun altitude as well as of a colour and insulation of fabric covering the ellipsoid sensor. The new coefficients derived from our investigations for estimating doses of absorbed solar radiation should be applicable for a standing man. They correlate better with mean skin temperature observed on subjects outdoor than previous results obtained based on a cylinder as an analogue model of man. The ellipsoid sensor covered by a black fabric absorbed about 6 times more of solar radiation than when covered by a white textile.
Introduction
Solar radiation is one of the important sources of heat load in man. Many different methods for its estimation are in use (Blazejczyk et al., 1993) . Almost all previous methods have used a vertical cylinder as an analogue model of the human body. However only the studies carried out by Brown and Gillespie (Brown & Gillespie, 1986) as well as Krys and Brown (Krys & Brown, 1990) were based on direct measurements of solar radiation absorption by a vertical cylinder. Other methods have been derived from theoretical principles for the interaction of solar radiation with the human body (Breckenridge & Goldman, 1972; Underwood & Ward, 1966) . A simple physical model of the human body has been used for some years for the measurement and assessment of indoor climate conditions (Madsen, 1984) . The instrument (Brüel & Kjaer, Thermal Comfort Meter Type 1212) comprises a heated sensor shaped as an ellipsoid and a recording and controlling unit designed to simulate the human body in terms of dry heat exchange.
The purpose of the present investigation was to study the effect of solar radiation on the ellipsoid sensor and evaluate the effect of different insulation levels and colour of "clothing" covering the sensor. Another purpose was to compare results with established cylindrical models.
Method
The measurements of solar radiation absorption were performed in a climatic chamber. Solar radiation was simulated by an iodide lamp (Thorn, Type CSI OQ 1000). Its spectrum is similar to that observed for the sun (Beeson, 1978) . The intensity of solar radiation at different sun altitudes was simulated by changing the inclination of a special, wooden platform and its distance from the solar lamp. The platform and surrounding wooden walls were successively covered with three different surfaces: white, green or black "asphalt" paper ( Fig. 1) .
The thermal effect of absorbed solar radiation was defined by the mean radiative temperature (Mrt) (Fanger, 1970) . Mrt was calculated with the use of the following formulas (Elnäs et al., eds. 1985) :
The operative temperature (To) was measured with the ellipsoid sensor of the thermal comfort meter (Brüel & Kjaer, Type MM0023). The sensor is approximately 160 × 54 mm (Fig. 2 ).
An ellipsoid is assumed in thermophysiological studies as the best one-segment human body model and is used for the evaluation of the microclimate in work places. When the sensor is heated it simulates dry heat exchange of the human body under the given conditions and calculates the PMV-index (Fanger, 1970; ISO 7730) . To values depended on air temperature (Ta), the velocity of air motion (v) and intensity of solar radiation (direct-Kdir, diffuse-Kdif and reflected-Kref). For the monitoring of microclimatic conditions there were used: resistant thermometer, Brüel & Kjaer thermal anemometer and Kipp & Zonen (Type CM 5/6) solarimeter.
Thus, by controlling the microclimatic parameters the net heat effect of solar radiation on Mrt could be determined. At sunny conditions the general equation of Mrt has the following form:
( ).
According to the Stefan-Boltzman low the amount of absorbed solar radiation (R) can be calculated as follows:
).
In the firs step there was calibrated intensity of global, diffuse and reflected solar radiation for every combination of solar lamp elevation (5, 10, 15, 20, 25, 30, 40 and 50 degrees) as well as platform and walls colour (black, white and green). Direct solar radiation intensity was derived from global and diffuse fluxes as follows:
The intensity of radiation emitted by CSI lamp was similar to the intensity of direct solar radiation observed outdoors under the clear sky. Kglob was similar for all examined surfaces and varied from about 20 W m -2 with a sun altitude of 50 to about 640 W m -2 with solar angle of 500. However the intensity of diffuse and reflected radiation depended on the colour of ground and walls. It was the highest at white surfaces and the smallest-at the black ones (Table 1) .
Two experiments were performed: In the first experiment absorption of solar radiation by the ellipsoid itself was studied in still air to establish β coefficients. Two ellipsoid sensors were used; one of them was exposed to the "sun" beams and the second was shaded.
Measurements were performed at two air temperature levels: 0°C and 20°C. The operative temperature of the ellipsoid sensors stabilised after 5 minute exposition to the sun beams and then it was registered manually. At the same time air temperature and intensity of global solar radiation were observed. The second experiment dealt with solar radiation absorption when using different fabrics covering the ellipsoid sensor. Measurements of operative temperature were performed simultaneously with the uncovered and "clothed" ellipsoid sensor at two elevations of the solar lamp: 10 and 20 degrees. Different fabric combinationsfitted to the sensor by sewing-were used to give a range of values in terms of thermal insulation and colour. A physical measure of fabric colour was the albedo which refers to ratio of reflected solar radiation to its total value reaching a given surface, albedo was expressed in per cent ( Table 2 ). The influence of air motion-within the range of 0-0.8 m s
-1 -was also tested for the fabric combinations with albedo of 25-30%. The influence of different properties of the fabrics on solar radiation absorption and the subsequent effect on the heat transfer through the "clothing" to the ellipsoid sensor was described by an absorption index (Abs). The Abs index defines the ratio of absorbed solar radiation measured with "clothed" ellipsoid to its standard value measured with an uncovered ellipsoid in still air.
Results

Absorption of solar radiation by uncovered ellipsoid
The biggest absorption of solar radiation by the ellipsoid was noticed with white, and the smallest-with black surroundings. It also varied depending on solar angle, its maximum values were observed at a sun altitude of 20° (95-110 W m -2 ; Fig. 2 ). The intensity of long-wave radiation was quite the same in all measurement series. It was independent of the colour of the surroundings and amounted to about 12-17 W m -2 . The values of direct and reflected solar fluxes varied according to the changes in elevation of the solar lamp (h). The dose of diffuse radiation absorbed by the uncovered ellipsoid did not depend on sun altitude (Table 3) .
Thus β coefficients-using for the calculation of absorbed solar radiation-derived from the studies reported have the following forms:
-for direct radiation -βdir = cot h (0.25 0.001 h), -for reflected radiation -βref = 0.49 0.005 h, -for diffuse radiation -βdif = 0.36.
Because some models of the human heat balance take into account radiative fluxes in terms of mean radiative temperature hence, according to the Stefan-Boltzman law, there were established also β* coefficients for the calculations of Mrt. They have the following forms:
-βdir* = cot h -for direct radiation, (0.17 0.001 h) -βref* = 0.34 0.003 h -for reflected radiation, -βdif* = 0.25 -for diffuse radiation. Controlled, independent measurements taken in the climatic chamber as well as outdoors were used for the comparison of observed and calculated-with the use of β coefficients pointed above-values of absorbed solar radiation. Compared R values were similar to each other (Fig. 3 ) and the correlation coefficient was 0.92 (with n=51 and p≤0.05).
Solar radiation absorption and its transfer through fabrics
Solar radiation absorbed by the covered, "clothed" ellipsoid strongly depended on the physical properties of used fabrics and combinations of fabrics as well as on sun altitude (Fig. 4) . The highest absorption of "sun" beams by the ellipsoid was observed with a black Tyvek ® cover (123 W m -2 ) at a sun elevation of 20° and the smallest one (10 W m -2 ) with the white Tyvek ® + underwear combination.
It was noticed that the influence of colour and albedo of the fabric on solar radiation absorption by the ellipsoid was bigger than the influence of fabric insulation and sun altitude. The difference of solar radiation absorption with the ellipsoid covered by black and white Tyvek ® fabric (with Icl of 0.36 clo) reached 100 W m -2 . The difference between material of various insulation (0.20-0.54 clo), but with the same albedo (30%) reached 25 W m -2 only. The Abs index varied from 0.16 for white Tyvek ® + underwear cover to 1.74 for black Tyvek ® fabric (Table 4 ; Fig. 5 ). All fabrics and combinations except the two black Tyvek ® conditions reduced radiation absorption. For the white Tyvek ® it was reduced by 75-80%. The gain in radiation absorption with the black Tyvek ® was 20-70%. Differences of the Abs index between the two sun altitudes were rather small (0.02-0.14) ( Table 4) .
Variation in Abs for fabric combinations with the same albedo but with different insulation was also very small (Fig. 6) . It seems that the observed differences are rather caused by the 2-layer structure of tested fabric covers; with 1-layer cover changes of Abs index are very small (line 2 at Fig. 6 ).
The biggest difference in absorption index was noticed for the case of same (or similar) insulation of textile but with separate albedo.
Absorption of solar radiation by uncovered and covered ellipsoid was also studied with different air motion. For this purpose three fabrics with the samelike uncovered ellipsoid-albedo of 30% but with various insulation and surface structure were tested. The Abs index was calculated by assuming the absorption of solar radiation by the uncovered ellipsoid in still air as reference value. The biggest reduction of Abs index in wind was observed with flannel with an Icl of 0.32 clo and the smallest-with polyester with an insulation of 0.20 clo (Fig. 7) . The reduction of Abs index for the uncovered ellipsoid was 0.09 with an increase of wind speed from 0.07 to 0.8 m s -1 .
Discussion
The ellipsoid model of the human body has not been used for the estimation of solar heat gain to this time. Thus the results can only be compared with the results obtained for another analogue model of man, i.e. a vertical cylinder (Brown & Gillespie 1986; Jendritzky 1990; Krys & Brown 1990 ). The solar radiation absorbed by the ellipsoid was about 30-40% lower than observed for a cylinder model.
In order to compare R and Mrt with mean skin temperature the results of outdoor investigations of the human body heat balance performed in north-eastern Poland were used (Blazejczyk 1991) .
Local skin temperature, air temperature as well as the intensity of solar radiation at a horizontal plane were there measured simultaneously. Mean skin temperature (Tsk) was calculated with the use of the following formula: Tsk = 0.05 Tforehead + 0.07 Thand + 0.5 Tchest + 0.18 Tthigh + 0.2 Tlower leg (°C).
Comparison of mean skin temperature and absorbed solar radiation shows similar and high values of correlation coefficient for both, an ellipsoid and a cylinder model of man (Fig. 8) ; They were 0.74 and 0.72, respectively (for n=207 and p=0.05). The correlation coefficients of Tsk and Mrt were 0.74 for a cylinder model and 0.85 for an ellipsoid (for n=207 and p≤0.05) (Fig. 9) . It seems that the ellipsoid is as good or even better than a cylinder model.
Changes of solar heat gain observed at the ellipsoid covered with different fabric combinations are similar to those published by Clark and Cena (1978) , Nielsen (1990 Nielsen ( , 1991 as well as by Blazejczyk (1998) . Similar results were noticed by Ellis (1980) in herons with different colour of feathers.
Some authors (Havenith et al., 1990; Holmér et al., 1992; Nilsson et al., 1992; Fourt & Hollies, 1970 ) observed a reduction of clothing and air layer insulation caused by wind. It seems that decreasing of the absorption index due to air motion is related to the process of heat convection from its surface. Less insulation of air layer noticed at windy conditions accelerated heat elimination by convection and caused less accumulation of absorbed solar radiation. For the covered ellipsoid the reduction of the Abs index is connected both with the convection process and with the changes of insulative properties of clothing and air layer according to increase of wind speed. It seems necessary to perform more detailed measurements of solar radiation absorption in windy conditions. Fig. 9 Relationship between mean skin temperature (Tsk) and mean radiative temperature (Mrt) calculated for different models. cylinder-by Jendritzky (1990) formula-r=0.74 (y=27.03 + 0.07x), ellipsoid-r=0.85 (y=25.4 + 0.14x).
Fig. 8
Relationship between mean skin temperature (Tsk) and absorbed solar radiation (R) calculated for different models. cylinder-by Krys & Brown (1990) formula-r=0.72 (y=27.9 + 0.02x), ellipsoidr=0.74 (y=28.0 + 0.03x).
Conclusions
Above analysis suggests that the physiological response of the organism to solar radiation is better predicted by the use an ellipsoid model than a cylinder model. The absorption of solar radiation strongly depends on fabric colour expressed by its albedo. The influence of insulation and sun altitude is considerably smaller. Air motion reduces heating effect of absorbed solar radiation due to convection of heat.
The colour of the outer clothing surface may be used as a factor regulating heat gains in man caused by solar radiation. In cool and cold climates dark clothing can reduce the heat deficit and in a hot climate white or light suits can decrease the risk of overheating. This goes in line with the habits of several people in climatic extremes.
